Summary Epidemiologic studies have demonstrated acute and serious adverse effects of particulate air pollution on respiratory health, especially in people who are susceptible to bacterial infection. The underlying mechanism remains to be elucidated. Diesel exhaust particles (DEP) derived from diesel engine-powered automobiles are major constituents of the atmospheric particular matter in metropolitan areas. DEP reportedly enhance airway inflammation and lung injury. Bacterial endotoxin in a purified form known as lipopolysaccharide is also implicated as an environmental factor that exacerbates lung diseases. In this article, we review the synergistic enhancing effects of DEP and bacterial endotoxin on airway inflammation and determine the components in DEP responsible for these effects. Oxygen free radicals and proinflammatory cytokines are proposed mediators for DEP-induced airway inflammation. We elucidate the role of oxidative stress and proinflammatory cytokine expression in the enhancement.
Introduction
A number of cross-sectional studies have reported the association between daily mortality and ambient fine particles [1, 2] . One intriguing aspect of the epidemiologic data is that health effects of particular matter (PM) are primarily seen in people with predisposing factors, including bronchitis, asthma, chronic obstructive pulmonary diseases, pneumonia, compromised immune systems, and age over 65 years old [3] . Fine-particle air pollutants less than 2.5 µm in aerodynamic diameter (PM2.5) is more closely associated with mortality and adverse respiratory health effects than PM10 [4, 5] . Diesel exhaust particles (DEP) are a major source of atmospheric PM2.5. DEP contain a large variety of compounds such as aliphatic hydrocarbons, polycyclic aromatic hydrocarbons and heterocyclics [6, 7] , which are absorbed by carbonaceous nuclei. The small size of DEP makes them easily respirable, which has been linked to lung cancer, pulmonary fibrosis, chronic alveolitis, bronchitis [8] , edematous changes [9] , and airway inflammation with hyperresponsiveness [10] . These experimental data, however, cannot sufficiently explain the epidemiologic results that short-term exposure within a few days to increased ambient amounts of PM causes serious health effects, including death in the people with the predisposing factors.
A glycolipid of gram-negative bacteria, known as endotoxin or lipopolysaccharide (LPS), has been implicated as an *To whom correspondence should be addressed. Tel & Fax: +81-29-850-2334 E-mail: htakano@nies.go.jp environmental stimulus that exacerbates lung diseases [11] [12] [13] [14] . Epidemiologic studies have reported that airborne endotoxin is related to respiratory symptoms and changes in lung function [15] [16] [17] . Bacterial endotoxin is present also in bronchoalveolar lavage fluid of patients with pneumonia [18] , cystic fibrosis [19] , and acute respiratory distress syndrome [20] , which is often associated with circulatory failure and fatal outcome. These findings have led us to examine the effects of DEP on airway inflammation related to bacterial endotoxin, which might provide experimental evidence for the epidemiologic data.
DEP components enhance airway inflammation related to bacterial endotoxin
We have previously studied whether DEP enhance airway inflammation related to LPS. As a result, intratracheal exposure to DEP and LPS into mice has synergistically enhanced lung injury related to LPS, which is characterized by interstitial edema (Fig. 1A ) and neutrophil sequestration (Fig. 1B) [21] . The local expression of proinflammatory cytokines such as interleukin-(IL)-1β ( Fig. 1C) , tumor necrosis factor (TNF)-α, keratinocyte chemoattractant (KC), macrophage chemoattractant protein (MCP)-1, and macrophage inflammatory protein (MIP)-1α ( Fig. 1D ) in the lung have paralleled the lung injury and neutrophilic inflammation by DEP and LPS [21] . The accumulation of leukocytes within the lung in inflammation is generally dependent on alterations in leukocyte rigidity, the coordinated expression of proinflammatory cytokines, and the establishment of chemotactic gradients via the local generation of chemotactic factors [22] . Our results and the previous reports suggest that the induction of these cytokines should be involved in the synergistic enhancing effects of DEP on LPS-related airway inflammation and injury.
A further study has been conducted to identify the responsible components of DEP for the enhancing effects on airway inflammation related to LPS [23] . The report has clearly indicated that intratracheal exposure to the residual carbonaceous nuclei from DEP after extraction with dichloromethane, in the presence of LPS exposure, synergistically exacerbates airway inflammation and pulmonary edema, and induces alveolar hemorrhage. Furthermore, the synergistic enhancement has been concomitant with the Fig. 1 . DEP enhance pulmonary edema, neutrophilic inflammation, and expression for proinflammatory molecules related to LPS in mice. The animals were randomized into the four experimental groups that received intratracheal exposure to vehicle, 100 µg LPS, 250 µg DEP, and LPS + DEP. To quantitate pulmonary edema, we evaluated the lung water content 24 hours after the intratracheal exposure (A). To quantitate the magnitude of lung inflammation, we evaluated the number of neutrophils in bronchoalveolar lavage fluid (BALF) (B) and protein expression for IL-1β and MIP-1α (C, D) in lungs 24 hours after the intratracheal exposure. The total cell count was determined on a fresh fluid specimen using a hemocytometer. Differential cell count was assessed on cytologic preparations stained with Diff-Quik. The protein expression for proinflammatory molecules were measured in the lung tissue supernatants by enzyme-linked immunosorbent assay. *p<0.01 versus each other groups; **p<0.01 versus vehicle. Values are the mean ± SEM of six to nine animals in each group.
enhanced lung expression of IL-1β, MIP-1α, MCP-1, and KC [23] . In contrast, exposure to the organic chemicals in DEP extracted with dichloromethane combined with LPS has not induced synergistic effects [23] . Thus, we conclude that the residual carbonaceous nuclei of DEP, rather than organic chemicals in DEP, should be responsible for the enhancing effects of DEP on lung injury related to LPS.
DEP enhance free radical generation in the presence of bacterial endotoxin
The current consensus is that reactive oxygen species (ROS) generated by DEP play an important role in the adverse effects [24] [25] [26] [27] [28] . For example, formation of lung edema by DEP is markedly suppressed by pretreatment with polyethylene glycol-modified superoxide dismutase, an enzyme which scavenge superoxide [24] . Production of 8-hydroxydeoxyguanosine, which is produced by hydroxyl radicals, has been reported by DEP exposure in vitro [29] and in vivo [30] . Quinones contained in DEP are good substrate for NADPH cytochrome-P450 reductase to produce superoxide and hydroxyl radicals [31] . Moreover, enhanced inflammation involving activation of alveolar macrophages may also lead to intensive generation of ROS. Using electron spin resonance (ESR) spin-trapping techniques, we have found that DEP and LPS act synergistically to produce oxygen free radicals in the lung (Fig. 2) . The ROS generation by DEP and LPS has been paralleled by a synergistic increase in infiltration of neutrophils and lung injury. Mechanistically, we first consider the possibility that free radicals would be produced by phagocytes because they express a multicomponent NADPH oxidase, the primary enzyme for the production of superoxide in immune cells. Several studies regarding the effect of NADPH oxidase deficiency have been reported in complement-induced lung injury [32] and alcohol-induced liver disease [33] . ROS production in alcohol-induced liver disease, as detected by ESR, has been inhibited in NADPH oxidase-deficient mice and is implicated in liver injury [33] . In addition, either DEP or LPS alone induces inducible nitric oxide synthase (iNOS) expression in alveolar cells [34] , and presumably produces peroxynitrite [35] , a strong oxidant formed by the nearly diffusion-limited reaction of nitric oxide with superoxide [36] . Experiments with NADPH oxidase and iNOS knockout mice have revealed that NADPH oxidase and iNOS do not contribute to free radical generation by DEP and LPS [37] . The enzyme xanthine dehydrogenase (XDH) is the rate limiting enzyme in purine metabolism. Under certain conditions, conversion of XDH into the oxidase form xanthine oxidase (XO) can lead to ROS generation. We have found that pretreatment with XO inhibitor allopurinol results in a marked decrease in free radical generation, airway inflammation, and lung injury [37] . These results indicate that synergistic production of ROS in the lung induced by DEP and LPS may be mediated by the activation of local XO.
Conclusion
DEP synergistically enhance lung injury including neutrophilic inflammation related to LPS. The enhancement should be mediated, at least partly, by the induction of proinflammatory cytokines. The residual carbonaceous nuclei of DEP predominantly contribute to the aggravation of LPS-related airway inflammation. Additionally, DEP and LPS work synergy to form free radicals in the lung, which is paralleled by synergistic increases in neutrophilic inflammation and lung injury. The synergistic production of free radicals by DEP and LPS, which is likely to be mediated through the increased local activity of XO, may be important in the pathogenesis of DEP-and LPS-induced lung injury.
